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The ER chaperone PfGRP170 is essential for asexual 
development and is linked to stress response in malaria 
parasites.
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Abstract
The vast majority of malaria mortality is attributed to one parasite species: Plasmodium 
falciparum. Asexual replication of the parasite within the red blood cell is responsible for the 
pathology of the disease. In Plasmodium, the endoplasmic reticulum (ER) is a central hub for 
protein folding and trafficking as well as stress response pathways. In this study, we tested the role 
of an uncharacterized ER protein, PfGRP170, in regulating these key functions by generating 
conditional mutants. Our data show that PfGRP170 localizes to the ER and is essential for asexual 
growth, specifically required for proper development of schizonts. PfGRP170 is essential for 
surviving heat shock, suggesting a critical role in cellular stress response. The data demonstrate 
that PfGRP170 interacts with the Plasmodium orthologue of the ER chaperone, BiP. Finally, we 
found that loss of PfGRP170 function leads to the activation of the Plasmodium eIF2α kinase, 
PK4, suggesting a specific role for this protein in this parasite stress response pathway.
INTRODUCTION
Malaria is a deadly parasitic disease that causes over 212 million cases and nearly 430,000 
deaths each year, primarily in children under the age of five1. The deadliest human malaria 
parasite, P. falciparum, infects individuals inhabiting subtropical and tropical regions. These 
are some of the most impoverished regions of the world, making diagnosis and treatment 
challenging. Moreover, the parasite has evolved resistance to all clinically available drugs, 
highlighting an important need for uncovering proteins that are essential to the biology of 
this parasite2–6. Malaria is associated with a wide array of clinical symptoms, such as fever, 
chills, nausea, renal failure, pulmonary distress, cerebral malaria, and cardiac complications. 
It is the asexual replication of the parasite within the red blood cell (RBC) that is responsible 
for the pathology of the disease7.
*Address correspondence to Vasant Muralidharan, vasant@uga.edu. 
HHS Public Access
Author manuscript
Cell Microbiol. Author manuscript; available in PMC 2020 September 01.
Published in final edited form as:





















In P. falciparum, the endoplasmic reticulum (ER) is a uniquely complex, poorly understood 
organelle. In fact, recent data suggest that ER proteins play a major role in resistance to the 
frontline antimalarial, artemisinin8–10. It is in this organelle that a variety of essential 
cellular functions occur, including protein trafficking, cellular signaling, and activation of 
stress response pathways11–17. Compared to other eukaryotes, the molecular mechanisms 
involved in these essential processes in Plasmodium remain poorly understood. Therefore, it 
is imperative to uncover proteins that regulate and maintain ER biology. One group of 
proteins likely governing many of these processes are ER chaperones18–23. Very little is 
known about the roles that ER chaperones play in Plasmodium, many of them defined 
merely based on sequence homology to other organisms. The Plasmodium genome encodes 
a relatively reduced repertoire of predicted ER chaperones, but it is predicted to contain two 
members of the conserved ER HSP70 chaperone complex, GRP78 (or BiP) and a putative 
HSP110 (PfGRP170 or PfHSP70-y)24,25. GRP170, in other eukaryotes, serves as nucleotide 
exchange factor for BiP26,27. Additionally, GRP170 has been reported to have holdase 
activity and can bind unfolded substrates independent of ATP or BiP28–30.
In this study, we used a conditional auto-inhibition strategy to generate conditional mutants 
for the putative ER chaperone, PfGRP170 (PF3D7_1344200)31–33. Using these conditional 
mutants, we localized PfGRP170 to the parasite ER, and show that unlike its orthologs in 
other eukaryotes, PfGRP170 is essential for parasite survival. Detailed life cycle analysis 
revealed that inhibition of PfGRP170 results in parasite death in early schizogony. The 
protein is required for surviving a brief heat shock, suggesting that PfGRP170 is essential 
during febrile episodes in the host. We show that despite a predicted transit peptide, 
PfGRP170 is not essential for protein trafficking to the apicoplast. Trafficking experiments 
using antibodies for two PEXEL Negative Exported Proteins and one protein containing a 
Plasmodium Export Element indicates that PfGRP170 is unlikely to be involved in protein 
export. Using a combination of mass spectroscopy approaches we identified potential 
interactors. Moreover, we demonstrate here that PfGRP170 interacts with the Plasmodium 
homolog of BiP (PF3D7_0917900) suggesting a conserved HSP70 ER chaperone complex. 
Finally, we show that conditional inhibition of PfGRP170 leads to the activation of the only 
known ER stress response pathway in Plasmodium, the PK4 pathway10,16.
RESULTS
PF3D7_1344200 is a putative GRP170 in P. falciparum
A blast search to identify ER localized Hsp70 proteins in P. falciparum revealed two 
proteins, HSP70–2 (PfGRP78/BiP) and a putative HSP110 (PF3D7_1344200). HSP110 
proteins are considered large HSP70 chaperones, having sequence homology to both the 
nucleotide and substrate binding domains of other HSP70 members34. The increased size of 
HSP110 family members is the result of an extended α-helical domain at the C-terminus as 
well as an unstructured loop inserted in the substrate-binding domain28,34 (Figure 1A). In 
other eukaryotic organisms, the ER localized HSP110 (referred to as GRP170) is a 
chaperone with four primary protein domains: a signal peptide, a nucleotide binding domain, 
a substrate binding domain, and an extended C-terminus26,34. A protein sequence alignment 
using the yeast GRP170 (Lhs1) was used to predict the boundaries of these domains in 
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PF3D7_1344200 (PfGRP170) (Figure 1A and Supplemental Figure 1). Most of the sequence 
conservation between Lhs1 and PfGRP170 was found to be in the nucleotide binding 
domain (Supplemental Figure 1). PfGRP170 is well conserved across multiple Plasmodium 
species, including other human malaria-causing species (Supplemental Figure 2). This level 
of conservation decreases in another apicomplexan (T. gondii) and even more so in yeast and 
humans (Supplemental Figure 2).
Generating PfGRP170-GFP-DDD conditional mutants
Conditional mutants for PfGRP170 (termed PfGRP170-GFP-DDD) were generated by 
tagging the endogenous PfGRP170 locus at the 3’ end, using single homologous crossover, 
with a GFP reporter, the E. coli DHFR destabilization domain (DDD), and an ER retention 
signal (SDEL) (Figure 1B). The endogenous PfGRP170 gene encodes a C-terminus SDEL 
sequence, a potential ER retention signal, and therefore we added an SDEL sequence after 
the DDD domain in order to avoid mislocalization of the tagged protein. In the presence of 
the small ligand Trimethoprim (TMP), the DDD is maintained in a folded state. However, if 
TMP is removed from the culture medium, the DDD unfolds and becomes 
unstable31–33,35,36. Intramolecular binding of the chaperone to the unfolded domain inhibits 
normal chaperone function (Figure 1B)31–33. Two independent transfections were carried 
out, and integrated parasites were selected via several rounds of drug cycling. PCR 
integration tests following drug selection indicated that the percentage of integrated parasites 
in both transfections were extremely low (Figure 1C). Consequently, standard limiting 
dilution could not be used to clone out integrated parasites. To circumvent this issue, flow 
cytometry was used to enrich and sort extremely rare GFP positive parasites. Despite low 
enrichments and sorting rates (GFP positive population =~1.13E-3), we successfully 
obtained two clones, termed 1B2 and 1B11, using flow sorting (Figure 1 C and D). Proper 
integration into the pfgrp170 locus was confirmed by a Southern blot analysis (Figure 1E). 
Western blot analysis revealed that the PfGRP170-GFP-DDD protein was expressed at the 
expected size (Figure 1F). Immunofluorescence assays (IFA) and western blot analysis 
showed that the PfGRP170-GFP-DDD fusion protein was expressed and localized to the 
parasite ER during all stages of the asexual life cycle (Figure 1G and Supplemental Figure 
3).
PfGRP170 is essential for asexual growth and surviving febrile episodes
To investigate the essentiality of PfGRP170, PfGRP170-GFP-DDD asynchronous parasites 
were cultured in the absence of TMP, and parasitemia was observed using flow cytometry. A 
growth defect was seen within 24 hours after the removal of TMP, resulting in parasite death 
(Figure 2A). Furthermore, the two clonal parasite lines exhibited a dose-dependent growth 
response to TMP (Figure 2B). Consistent with data from other chaperones tagged with the 
DDD31–33, TMP removal did not result in degradation of PfGRP170-GFP-DDD (Figure 
2C). Conditional inhibition of Plasmodium proteins that does not involve their degradation, 
has also been observed for other non-chaperone proteins37,38. Moreover, the removal of 
TMP did not affect the ER localization of PfGRP170 (Supplemental Figure 4).
Using a nucleic acid stain, acridine orange, we used flow cytometry to specifically observe 
each stage of the asexual life cycle (ring, trophozoite, and schizont) in PfGRP170-GFP-
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DDD parasites incubated with and without TMP (Figure 2D). The amounts of RNA and 
DNA increase over the asexual life cycle as the parasite transitions from a ring to 
trophozoite to a multi-nucleated schizont. We observed that upon TMP removal, mutant 
parasites arrested in a relatively late developmental stage (Figure 2D). To identify the stage 
in the asexual life cycle where the mutant parasites died, TMP was removed from tightly 
synchronized ring stage cultures and parasite growth and morphology was assessed over the 
48-hour life cycle. We observed morphologically abnormal parasites late in the lifecycle, 
when control parasites had undergone schizogony (Figure 2E). The PfGRP170-GFP-DDD 
parasites grown without TMP ultimately failed to progress through schizogony and did not 
reinvade new RBCs (Figure 2E).
The cytoplasmic ortholog of PfGRP170, PfHSP110, was previously shown to be essential 
for surviving heat stress33. Therefore, we tested whether PfGRP170 mutants were sensitive 
to a brief heat shock. Asynchronous parasites were incubated in the absence of TMP for 6 
hours at either 37°C or 40°C. Following the 6-hour incubation, TMP was added back to all 
cultures, which were then grown at 37°C for two growth cycles, while measuring 
parasitemia every 24 hours. The growth of parasites at 37°C was not significantly affected 
by the brief removal of TMP (Figure 2F). In contrast, incubating parasites at 40°C without 
TMP resulted in reduced parasite viability compared to parasites grown at 40°C with TMP 
(Figure 2F).
PfGRP170 is not required for trafficking of apicoplast proteins
Protein trafficking to the apicoplast is essential for parasite survival. Proteins targeted to the 
apicoplast contain an N-terminal transit peptide that is revealed upon signal peptide cleavage 
in the ER15,39. It remains unclear whether apicoplast targeted proteins go through the Golgi 
before reaching their final destination. It has been shown that disruption of ER to Golgi 
trafficking, using Brefeldin A (BFA), does not reduce apicoplast transport15,40. One of these 
studies further demonstrated that the addition of an ER retention sequence (SDEL), to a GFP 
with a transit peptide, did not reduce apicoplast trafficking or transit peptide cleavage40. 
However, a separate but similar analysis came to the opposite conclusion41. Thus, the 
identification, packaging, and transport of apicoplast-targeted proteins from the ER remain 
unanswered questions.
Two software analysis tools (Prediction of Apicoplast-Targeted Sequences (PATS) and 
PlasmoAP) predicted a strong apicoplast transit peptide for PfGRP170, despite our 
observation of a definite ER localization (Figure 1G and Figure 3A). We were therefore 
interested to find out whether PfGRP170 plays a role in apicoplast trafficking. We tested 
whether the putative PfGRP170 transit peptide (amino acids: 1 to 150) could be trafficked to 
the apicoplast by episomally expressing the predicted PfGRP170-transit peptide fused to a 
GFP reporter without an ER retention signal (Figure 3B). We performed co-localization 
assays using ER, apicoplast, and Golgi markers and determined that the putative transit 
peptide localized to the ER due to colocalization with ER marker Plasmepsin V (Figure 3B).
To determine the role of PfGRP170 in trafficking proteins to the apicoplast, we removed 
TMP from PfGRP170-GFP-DDD parasites and examined the localization of the apicoplast-
localized cpn6032,42,43. No defects in apicoplast localization of cpn60 were observed (Figure 
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